A silicon has been the chief technological semiconducting material of modern microelectronics and has had a strong influence on all aspects of society. Applications of Sibased optoelectronic devices are limited to the visible and near infrared ranges. The expansion of the Si absorption to shorter wavelengths of the infrared range is of considerable interest to optoelectronic applications. By creating impurity states in Si it is possible to cause sub-band gap photon absorption. Here, we present an elegant and effective technology of extending the photoresponse of towards the IR range. Our approach is based on the use of Ag2S quantum dots (QDs) planted on the surface of Si. The specific sensitivity of the Ag2S/Si heterostructure is 10 11 cm√HzW -1 at 1.55μm. Our findings open a path towards the future study and development of Si detectors for technological applications.
I. INTRODUCTION
HE detection of IR range low power radiation presents great challenges to modern Si-based optoelectronics. The development of effective room-temperature photoconductors for the IR compatible with the current silicon technology is in great demand. In particular, megapixel digital imaging based on complementary-metal-oxide-semiconductor (CMOS) technology in the IR range has a high potential for crucial technological applications such as night vision systems, spectroscopy, medical diagnosis, environmental monitoring, on-chip optical data processing and astronomy. [1] [2] [3] [4] [5] [6] At room temperature Si has an indirect band gap ΔE of 1.12 eV, for this reason Si is transparent for IR radiation from a wavelength of 1.1 μm. This significantly limits the range of applications of current Si photoconductive devices. Various methods have been proposed to extend the photo-response of Si towards longer wavelengths of the IR range. One of them uses "heavy" doping of Si with chalcogen atoms Se and transition metals (Au, Ag, Ti, etc.). [7] [8] [9] [10] [11] Another approach is to integrate Si with non-silicon electro-optical materials, such as direct-band gap III-V compound semiconductors (GaAs, InAs) with excellent IR photo-responce. [12] CVD-grown graphene monolayer coated with PbS QDs was monolithically integrated with silicon-integrated circuits based on CMOS for digital imaging in the IR range. [13] T II.
RESULTS
In this paper, we report on the significant room-temperature photo-response of a Si photo-detector in the near-IR (NIR) and short-wave IR (SWIR) The synsebilization is possible by doping the Si surface by individual semiconducting Ag2S
QDs. This results in the formation of impurity states in the band gap of Si, which leads to the significant enhancement of the sub-band gap photo-response. Additionally, it enables room-temperature operation of our detector, since Ag2S QDs introduce relatively high acceptor levels in the Si band gap, which mitigate thermal carrier generation.
Initial Ag2S/Si structures were based on undoped highresistance Si (ρ> 3 KΩ*cm). Using laser lithography, thermal metal deposition Ti (3 nm) and Au (100 nm) and lift-off process were fabricated Ti/Au contacts to the Si. The W and the distance between L of Ti/Si Schottky contacts defined the geometric dimensions of the active aria of Ag2S/Si structure, W and L were equal to 10 μm. Fig. 1a shows an optical image and design of the investigated devices. The cleaning processes by ion etching in an Ar and O2 atmosphere made it possible to remove of impurities and natural oxides on the Si surface. Ag2S QDs from a colloidal solution were centrifuged onto a prepared Si surface with the subsequent evaporation of the solvent. Fig. 1b shows the Si surface between the Ti/Si contacts obtained by TEM after deposition of Ag2S QDs.
The studies of the spectral response Sv(λ) of Ag2S/Si devices were performed in the range of 1 -2 μm, at 300K and zero bias device mode. The shielded from the background radiation Ag2S/Si devices had a resistance R of 20 MΩ. To couple the devices with IR radiation was used a hyperhemispherical Si lens. Fig. 2 presents Sv (λ) for Si and Ag2S/Si devices. The Sv (λ) dependence for Si device is presented for bright estimation of the IR band extension for the Ag2S/Si device. The Sv(λ) dependence of the Si device in Fig. 2 has a maximum at 1.1 μm and drops rapidly already at 1.25 μm. At same time, Sv(λ) for the Ag2S/Si device demonstrates a monotonic fall down to 2 μm. The strong response of the Ag2S/Si device above 1.25 μm can be explained by the formation of "surface states" caused by the Ag2S QDs coating on the Si surface. In the Ag2S/Si device, when an IR photon is absorbed by an electron in the valence band of Si, the generated carrier transits at sub-band states Ag2S. This process is detected as a voltage change between the Ti/Si contacts. In our experiment, signal ratio between Si and Ag2S/Si structures was more than 40 at 1.45 μm. Also because of their nonstoichiometry, the Ag2S QDs can have a high concentration of trap states. These trap states also could contribute to the Ag2S/Si detection above 1.1 μm. The charge carriers from the Ag2S trap states generated by the photoelectric effect and entering the Si increase its conductivity. The time constant of the Ag2S/Si detector will be determined by the characteristic lifetimes of the free charge carriers in the Ti/Si regions. The noise equivalent power (NEP) of the Ag2S/Si device was measured at 1.55 μm in order of device quantity evaluation.
A signal with a voltage of 6.9 mV was recorded at the input of the selective voltmeter with a test radiation power of 5 μW at the input. In the absence of test radiation, the voltage at the input of the selective voltmeter (the detector noise) was of about 1 μV The experimentally measured NEP for Ag2S/Si devices 4.5 * 10 -10 W/√Hz. Given the detector had a resistance of 7MOhm at a temperature of 300 the Johnson noise value for such a Si_Ag2S detector is 1.8 * 10 ^ -8 V. The specific sensitivity of the Ag2S/Si device is of the order of 10 11 cm√HzW -1 , which is comparable with values of the best commercially available IR detectors.
III. SUMMARY
In conclusion, this work presented a simple, low-cost and effective technology of extending the photoresponse of Si towards the IR range. The technology based on Ag2S quantum dots allows creating controllable surface states in Si. At 1.45 μm the response of the the Si_Ag2S detector exceeds that of a conventional Si detector by a factor of 40. The specific sensitivity of the Ag2S/Si device is of the order of 10 11 cm√HzW -1 at 1.55μm, which is comparable with values to the best commercially available IR detectors.
